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Metal physics beyond the Landau Fermi liquid paradigm is a central topic in contemporary
condensed matter science. Its connection with unconventional superconductivity is experi-
mentally well established but the conditions under which these enigmatic metals can form has
remained perplexing. The routes proposed towards strange metal formation, which includes
the multichannel Kondo effect, generally require rather special conditions or fine-tuning.
Here we report the observation of robust vacancy-driven orbital two-channel Kondo behav-
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ior which occurs without fine-tuning, in paramagnetic IrO2 nanowires possessing the rutile
structure. We further demonstrate tunability of this unconventional state to its Fermi-liquid
counterpart within the rutile structure through a complementary analysis of antiferromag-
netic RuO2 nanowires. Our findings establish the inherent occurrence of non-Fermi liquid
physics in a class of topological quantum materials, with implications for fundamental re-
search and potential quantum device applications.
A central goal of quantum materials research is to address how complex states of matter
form and to predict their properties. It has long been recognized that the intertwining of orbital and
spin degrees of freedom can drive the formation of novel order and exotic states of matter. One of
the most intriguing exotic states, the strange metal phase which subsists in many unconventional
superconductors (cuprates, heavy fermions, iron pnictides and selenides, etc.) at temperatures (T )
above the superconducting transition temperature has, however, remained puzzling1, 2. The proper-
ties of these unconventional metals are distinct from those of a conventional electron fluid, where
electronic properties derive from well-defined quasiparticles. The properties of a normal metal is
epitomized in the Landau Fermi liquid paradigm. In contrast, in a non-Fermi liquid (nFL) like the
strange metal, the low-energy properties are described by collective excitations but not quasipar-
ticles. It is commonly accepted that an understanding of the origin of the strange metal behavior
may hold key to unraveling the formation of unconventional superconductivity3. Proposed routes
to nFL behavior, however, have to rely on fine-tuned conditions: reduced dimensions, or proximity
to a quantum critical point, or the occurrence of an almost perfect degeneracy as in the two-channel
Kondo (2CK) effect. A clear demonstration of a natural occurrence of the 2CK effect in generic
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quantum matter has therefore so far been thought challenging, if not impossible. Nevertheless,
the 2CK model has been paradigmatic as it is conceptually one of the simplest ways to realize a
nFL state4, where two independent screening channels compete for singlet formation with a local
quantum degree of freedom. In the perfectly frustrated case, a nFL ensues and the ground state is
characterized by a non-vanishing residual (T = 0 K) entropy5. The nFL nature of the excitation
spectrum above the 2CK ground state is reflected in a characteristic
√
T -dependence of the resis-
tivity below a low-T energy scale6, the Kondo temperature TK . If, on the other hand, one channel
dominates over the other, a standard Fermi liquid forms. This requirement of a well-balanced com-
petition between two otherwise independent screening channels restrains the innate formation of
the 2CK effect.
To complicate matters, the electron-electron interaction7, 8 (EEI) in weakly disordered metals
also leads to a low-T resistivity that can be mistaken for 2CK behavior. As a result, despite
considerable efforts, no commonly accepted, unambiguous occurrence of 2CK behavior exists.
While multichannel Kondo physics has been shown to occur in carefully designed semiconductor
nanodevices coupled to metallic leads, forming artificial quantum impurities9–13, its relevance to
the physics of quantum materials is far from clear. The difficulties underlying the realization of
2CK physics in real materials are judiciously avoided in these engineered nanodevices through the
replacement of one of the channels by a finite-sized metallic grain9, 10 or through the fine-tuning of
charging states on a metallic island11, 12. As a result, these alternative routes to 2CK physics lack
direct counterparts in quantum materials. While instructive as a proof of principle, the specifics of
the 2CK effect realization in semiconductor nanodevices together with the implicit need for fine-
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tuning have therefore limited ramifications for real solids. A direct and convincing demonstration
that the 2CK fixed point can exist in generic quantum matter and is experimentally reachable is
therefore highly desirable.
In this article, we report such a demonstration. We show that metallic nanowires (NWs) of
compositionMO2 possessing the rutile structure (Fig. 1), whereM is a transition metal, feature an
intriguing interplay of orbital and spin physics driven by the presence of oxygen vacancies (VO’s).
This interplay gives rise to nonmagnetic Kondo physics involving orbital resonance scattering and
drives an orbital 2CK effect (which underlies the results summarized in Fig. 2). By tuning the
number density of oxygen vacancies, nVO , and studying both paramagnetic IrO2 NWs and weakly
antiferromagnetic RuO2 NWs, we demonstrate a natural recovery of the orbital one-channel Kondo
(1CK) effect (epitomized in Fig. 4a) from its two-channel counterpart. While the orbital 2CK ef-
fect results in a nFL state that defies the Landau Fermi liquid paradigm, the orbital 1CK effect leads
to conventional metallic behavior. Interestingly, both IrO2 and RuO2 are topological semimetals
with large spin Hall resistivities as a consequence of Dirac nodal lines14, 15.
Our observation of anomalous transport in paramagnetic IrO2 NWs is summarized in Fig. 2
(see Methods for NW growth and Supplementary S1 for annealing conditions). We find that as T
decreases from room temperature to∼ a few (tens) degrees Kelvin, the resistivity ρ decreases in all
single-crystalline IrO2 NWs, exhibiting typical metallic behavior (Supplementary S2). However,
below T ∼ 20 K, ρ demonstrates anomalous characteristics in several NWs, which display a √T
increase of the resistivity upon lowering T over almost two decades in T . We performed systematic
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thermal annealing studies which indicate that the anomalous low-T transport properties are driven
by the presence of VO’s (ref. 16). This is exemplified in Fig. 2. The main panel shows the ρ(T )
curves for three IrO2 NWs, as indicated. NW B was measured twice. The second measurement
(denoted by B2) was carried out about 5 months after the first measurement (denoted by B1).
During this period of time, the NW had absorbed oxygen from air. The top left inset shows a
scanning electron microscopy image of NW A. In the oxygenated NW 3 which should contain a
negligible amount of VO’s, ρ(T ) decreases monotonically with decreasing T , revealing a residual
resistivity, ρB0, below ∼ 4 K (top right inset). In sharp contrast, in NWs A, B1 and B2 which
contain large amounts of VO’s (see below), ρ increases with decreasing T , manifesting a robust
ρ ∝ √T law between ∼ 0.5 and ∼ 20 K. A characteristic feature of the 2CK physics is a √T
correction on top of the constant ρB0 (ref. 5). If this state arises out of an orbital Kondo effect,
magnetic-field (B) independence is expected for field strengths well above TK , below which the
√
T behavior can be observed, as long as the magnetic field is small compared to the conduction
electron half-bandwidth W (i.e., gµBB  W , where g is the Lande´-g factor, and µB is the Bohr
magneton). Thus, the anomalous behavior observed in IrO2 NWs is consistent with the 2CK effect
as indicated by the straight solid lines which are linear fits to the 2CK resistivity calculated from the
dynamical large-N method (cf. Fig. 4d), with nVO as an adjustable parameter (see Supplementary
S5 and S6 for details, and nVO values in Table S1). Note that the slope of NW B2 is smaller than
that of NW B1, indicating a decrease in nVO due to aging in the atmosphere. The data explicitly
demonstrate that the ρ ∝ √T behavior is independent of B up to at least 9 T.
We note that the Altshuler-Aronov correction which results from the EEI of the charge
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carriers in weakly disordered three-dimensional (3D) metals, is also compatible with the ob-
served ρ ∝ √T behavior at low temperatures7, 8. The measured resistivity increase, ∆ρ/ρ =
[ρ(1 K) − ρ(20 K)]/ρ(20 K), however, is more than one order of magnitude larger than that pre-
dicted by the EEI effect (Supplementary S3). Moreover, our experimental ρ(T ) curves deviate
from the
√
T dependence below ∼ 0.5 K, which is incompatible with the Altshuler-Aronov mech-
anism. As a result, the EEI effect can be safely ruled out. A conclusion that is further supported
by the B independence of ∆ρ/ρ.
We argue that the observed 2CK physics is rooted in a local symmetry-driven intertwining of
orbital and spin fluctuations at particularM sites in close proximity to the VO’s (Fig. 1 and Supple-
mentary S4). This requires a symmetry group, different from time-reversal symmetry, possessing
a two- (or higher-) dimensional irreducible representation which in turn allows for a description in
terms of pseudospin variables17. For M sites near VO’s we have identified such a symmetry group.
The nominal valency of the transition-metal ion M in MO2 is +IV, which is close to the measured
valency18. Thus, every VO will generate two defect electrons due to charge neutrality. Moreover,
in Ir4+, the 5d shell is half-filled. A number of studies have recently systematically addressed the
properties of VO’s in TiO2 (refs. 19–21), but in IrO2 the situation is more complex due to the par-
tially filled d-electron shell. The spin-orbit coupling in IrO2 is, however, large compared to crystal
electric field and correlation effects18. In order to minimize the Coulomb interaction, the defect
electrons tend to localize at different M ions near the VO. For the electron localizing on ion M2
(Fig. 1), the effective potential possesses an almost perfect C4 symmetry, a group possessing a
two-dimensional irreducible representation (Supplementary S4). Thus, the spectrum of electrons
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centered at M2 must possess a twofold orbital degeneracy. For the partially filled d shell of the
M ion, this symmetry implies that the t2g orbitals dxz and dyz are degenerate. Figure 1d illustrates
that dxz and dyz at M2 transform into each other under C4 rotations. It is this orbital degeneracy
that drives the observed 2CK effect, where dxz and dyz form a local pseudospin variable. Due to
the coupling to conduction electrons, the defect electron can undergo fluctuations between the two
orbitals in a fashion analogous to the spin fluctuations in the standard, magnetic Kondo model. As
a result, cotunneling processes with states of higher energy become possible.
Group theoretical arguments ensure that the conduction electrons locally, i.e., at the scat-
tering center, can be decomposed correspondingly. An orthogonality theorem implies that the
exchange scattering processes between conduction electrons and pseudospin degree of freedom
has the form of a Kondo interaction. In this scenario, the conduction electron spin acts as a by-
stander, allowing for the competition of degenerate screening channels; the hallmark of multi-
channel Kondo physics. If time-reversal symmetry is preserved, two degenerate scattering chan-
nels independently couple to the orbital fluctuations and the perfectly frustrated situation necessary
for 2CK physics ensues (Supplementary S5). The small deviation of about 1% from the perfect C4
symmetry at the M2 site implies a correspondingly small splitting in the orbital degeneracy. This
splitting will act as a pseudo-magnetic field and result in deviations from the 2CK scaling. Such
deviations occur in IrO2 NWs around 0.5 K. We note that the case where the second defect electron
localizes at site M1 instead of M3 is energetically less favorable. If it occurs, both M1 and M2
are expected to develop an orbital Kondo effect (Supplementary S5). Thus, ignoring the rare case
where two VO’s occur in immediate proximity to each other, each VO contributes one dynamical
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scattering center.
For support of this conclusion, we decided to study RuO2 NWs. RuO2 is an antiferromagnet
with a high Ne´el temperature22, 23 so that the spin degeneracy of the conduction electrons is lifted.
The orbital 2CK scattering should therefore reduce to orbital 1CK scattering and our model pre-
dicts that VO’s will in this case drive an orbital 1CK effect. Moreover, a recent ab initio electronic
structure calculation of RuO2 reported that in RuO2 the 4dxz and 4dyz orbitals are half filled and
the 4dx2−y2 orbital is located well below the Fermi energy and is completely filled23, preparing
the stage for orbital 1CK physics. This is indeed borne out by our ρ(T ) measurements. Fig-
ure 3a shows the T dependence of the time-averaged Kondo resistivity 〈ρK〉 for NW C, where
ρK(T ) = ρ(T )− ρB0, and 〈. . .〉 denotes averaging (RuO2 NWs often demonstrate temporal resis-
tivity fluctuations at low T , Supplementary S2). Clearly, at low T , 〈ρK〉 increases with decreasing
T . In sharp contrast to the ρ ∝ √T law observed in IrO2 NWs, we find that the 〈ρK〉 data conform
to the 1CK form. The solid curve in the main panel represents the 1CK scaling function calcu-
lated from the NRG method24. The inset of Fig. 3a demonstrates the recovery of the Fermi-liquid
ground state with its characteristic 〈ρK〉 ∝ T 2 behavior below ∼ 12 K and unambiguously rules
out the 3D EEI effect. Figure 3b shows ρ(T ) of NW E inB = 0 and 4 T. For clarity, theB = 0 data
(black symbols) are averaged over time, while the B = 4 T data (red symbols) are non-averaged
to demonstrate the temporal resistivity fluctuations at low T (ref. 25). No magnetoresistance is
observed. The ρ(T ) data can again be well described by the 1CK scaling function (solid curve)
as demonstrated in the inset. As a further demonstration of the magnetic field independence we
present in Fig. 3c ρ(T ) data for NW A in fields of strength B = 0, 3 and 5 T. With T AK = 3 K,
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NW A has the lowest TK among NWs A to E (cf. Table S1). The data between 50 mK and 10
K, corresponding to T/TK = 0.017–3.3, can be well described by the 1CK function (solid curve).
Reversible resistivity jumps with dwell times in the range of minutes to hours, caused by occa-
sional motion of nanocrystalline grains, are also observed. The resulting variation of resistivity of
order 0.2 µΩ cm corresponds to ∼ 6 nm in the dynamical grain size26. The magnetic fields of 3
and 5 T correspond to gµBB/kBT AK = 1.3 and 2.2, respectively. The dash-dotted curves depict the
magnetoresistance predicted by the spin-1
2
Kondo impurity model27 with gµBB/kBTK = 1.0, 2.0
and 4.1, as indicated. Clearly, our experimental data demonstrate B independence, ruling out a
magnetic origin of this phenomenon. The inset in Fig. 3c shows the ρ(T ) curves for NW A and
a reference NW 4. NW 4 was oxygenated in air to minimize nVO . Correspondingly, the overall
ρ(T ) increase of 0.65% from 10 K to 50 mK for NW A implies a density of dynamic scattering
centers that is the lowest among the RuO2 NWs A to E. This inset, together with the inset of Fig.
2, explicitly demonstrates that low-T Kondo resistivities are only found in NWs which contain
notable amounts of VO’s. In contrast to IrO2 NWs, the RuO2 NWs display a larger variation of
both TK and the associated density of scattering centers.
Yet further evidence for stable 1CK behavior in RuO2 NWs is provided in Fig. 4a, where
the variation of the normalized Kondo resistivities, 〈ρK〉/ρK0 versus T/TK is shown for five RuO2
NWs covering the wide range of TK values from 3 K to 80 K (Supplementary S7), with ρK0
being the Kondo resistivity in the unitary limit. Strikingly, the collected data conform well to the
universal 1CK scaling form (solid curve) for over three decades in T/TK! As summarized in Fig.
2, the low-T resistivity anomalies in IrO2 NWs display a different T characteristic reflecting the
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underlying nFL ground state. This is further substantiated by analyzing the data of Fig. 2 in terms
of the universal 1CK scaling curve. To this end, we plot 〈ρK〉/ρK0 as a function of
√
T/TK for
IrO2 NWs A and B1, together with RuO2 NWs B–E and the 1CK function, in Figs. 4b and 4c,
respectively. As IrO2 NWs do not exhibit 1CK physics, in plotting these two figures we have
empirically taken the ρK0 values to be the maximum values of the measured resistivity anomalies
(at ∼ 0.5 K) and TK = 20 K. Figures 4b and 4c clearly reveal subtle but distinct deviations of the
√
T dependence of the 2CK behavior from the 1CK scaling form. Figure 4d demonstrates the
√
T
dependence of the low-temperature ρ(T ), obtained from the large-N approach for a diluted system
of 2CK impurities immersed in a metallic host (Supplementary S5). This establishes that VO’s in
paramagnetic IrO2 NWs drive a delicate entanglement of orbital and spin fluctuations that triggers
orbital 2CK behavior and nFL physics while in antiferromagnetic RuO2 NWs an orbital 1CK effect
ensues due to time-reversal breaking. The latter results in a correlated Fermi-liquid state with an
enhanced effective carrier mass.
Materials condensing in the rutile structure type and its derivatives form an abundant and
important class. The strong interest in transition-metal based rutiles is fueled both by their techno-
logical potential and their interesting and intriguing properties. The iridate IrO2, e.g., has attracted
recent attention because of its large spin Hall resistivity and possible uses in spintronics14, 28. This
large spin Hall resistivity has been explained in terms of Dirac nodal lines, making IrO2 a topo-
logical nodal line semimetal. Similar arguments apply to RuO2 and OsO2 (ref. 14, 15). The 100%
spin-polarized half-metallic ferromagnet CrO2 offers the opportunity to create a new class of su-
perconducting spintronic devices29. The metal-insulator transition in VO2, on the other hand, has
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been known for 60 years30, but the dynamics of this transition is still not fully understood31, 32. In
addition to the strong interest in various members of this materials class, the general implications
of defects, in particular VO’s, on materials’ properties, including, e.g., TiO2, SnO2, and SrTiO3,
has become a central research topic19–21, 33–36.
Nanostructures formed from these TMOs turn out to be a fertile ground to systematically
explore quantum many-body states that arise from the VO-driven interplay of electron correlation
with spin and orbital degrees of freedom. Our discovery demonstrates the feasibility of tuning
correlation effects through the control of VO’s in TMOs. Technologically, in-situ tuning of VO’s
may be achieved via thermal annealing or ionic-liquid gating37. This could, e.g., be explored in
the 100% spin-polarized half-metallic ferromagnet CrO2. A material which has attracted interest
in the context of superconducting spintronics29 and where we expect orbital 1CK characteristic
to be found upon VO tuning. It should also be instructive to address how our results general-
ize to VO’s in rutile derivatives such as Sr1−xCaxTiO3−δ (ref. 38). Our results may also resolve
the long-standing debate about two-level system-driven 2CK behavior by demonstrating a natural
occurrence of quantum defects with a sufficiently high symmetry to induce multichannel Kondo
physics4, 39–41.
Orbital 1CK and 2CK lattices are expected to emerge from superlattices of VO’s. Exploring
the ramifications of our results on superconducting pairing amplitudes appears therefore partic-
ularly promising42, 43. In the context of 4f electron-based materials, the possible occurrence of
orbital Kondo physics and its quantum critical breakdown44, 45 has recently attracted interest. It
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would be interesting to explore the potential for orbital quantum critical Kondo phenomena in the
4d and 5d electron systems discussed here.
Methods
NW growth. IrO2 NWs were grown by the metal-organic chemical vapor deposition (MOCVD)
method, using (MeCp)Ir(COD) supplied by Strem Chemicals as the source reagent. Both the pre-
cursor reservoir and the transport line were controlled in the temperature range of 100–130◦C to
avoid precursor condensation during the vapor-phase transport. High purity O2, with a flow rate of
100 sccm, was used as the carrier gas and reactive gas. During the deposition, the substrate tem-
perature was kept at ≈ 350◦C and the chamber pressure was held at ≈ 17 torr to grow NWs46, 47.
Selected-area electron diffraction (SAED) patterns46 and x-ray diffraction (XRD) patterns48 re-
vealed a single-crystalline rutile structure.
RuO2 NWs were grown by the thermal evaporation method based on the vapor-liquid-solid
mechanism, with Au nanoparticles as catalyst. A quartz tube was inserted in a furnace. A source
material of stoichiometric RuO2 powder (Aldrich, 99.9%) was placed in the center of the quartz
tube and heated to 920–960◦C. During the NW growth, an O2 gas was introduced into the quartz
tube and the chamber was maintained at a constant pressure of ≈ 2 torr. Substrates were loaded at
the downstream end of the quartz tube, where the temperature was kept at 450–670◦C (Ref. 49).
The morphology and lattice structure of the NWs were studied using XRD and high-resolution
transmission electron microscopy (HR-TEM). The XRD patterns demonstrated a rutile structure49,
and the HR-TEM images revealed a polycrystalline lattice structure26.
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Electrical measurements. Submicron Cr/Au (10/100 nm) electrodes for 4-probe ρ(T ) measure-
ments were fabricated by the standard electron-beam lithography technique. The electrode fabri-
cation was done after the thermal treatment (annealing and/or oxygenation) of each NW was com-
pleted. To avoid electron overheating, the condition for equilibrium, eVs  kBT , was assured in
all resistance measurements50, where Vs is the applied voltage across the energy relaxation length.
The electrical-transport measurements were performed on a BlueFors LD-400 dilution refrigerator
equipped with room-temperature and low-temperature low-pass filters. The electron temperature
was calibrated down to . 50 mK. In several cases (RuO2 NWs B–E), the measurements were per-
formed on an Oxford Heliox 3He cryostat with a base temperature of ' 250 mK. The magnetic
fields were supplied by superconducting magnets and applied perpendicular to the NW axis in all
cases.
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Figure 1: Atomic arrangement around an oxygen vacancy in MO2 rutile structure. a,
Schematics for MO2 in the rutile structure. The olive and red spheres represent transition-metal
ions M4+ and oxygen ions O2−, respectively. VO1 represents an oxygen vacancy. b, The metal
ions M1, M2 and M3 surrounding VO1 form an isosceles triangle. c, The four oxygen ions sur-
rounding M2, labeled O4, O9, O10 and O8, form an almost perfect planar square (while O1′, O5′,
O3′, and O4′ only form a rectangle, cf. Supplementary S4 for details). d, The dxz and dyz orbitals
of M4+ are essentially degenerate due to the almost perfect C4 symmetry around M2.
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Figure 2: Orbital twochannel Kondo resistivity of IrO2 NWs. ρ versus
√
T for IrO2 NWs A, B1
and B2 in magnetic fieldsB = 0, 6 and 9 T, as indicated. For clarity, the data of NWs B1 and B2 are
shifted by 34.7 and 33.6 µΩ cm, respectively. A ρ ∝ √T law, which is B independent, is observed
between ∼ 0.5 and ∼ 20 K in all three NWs. The straight solid lines are linear fits to the 2CK
resistivities calculated by the dynamical large-N method (see text). Top left inset: A scanning
electron microscopy image of NW A. The scale bar is 1 µm. Top right inset: Low-temperature
ρ(T ) curves of NW A and a reference, oxygenated NW 3 (diameter d = 330 nm, ρ(300 K) = 124
µΩ cm).
21
Figure 3: Orbital one-channel Kondo resistivity of RuO2 NWs. a, Time-averaged Kondo re-
sistivity 〈ρK〉 versus log T for NW C. The straight line in the inset, which shows a low-T zoom-in,
is a guide to the eye. b, ρ versus log T in B = 0 and 4 T for NW E. For clarity, the B = 0 data are
time-averaged, while the 4-T data are non-averaged to demonstrate the temporal resistivity fluctu-
ations at low T . The inset shows the time-averaged B = 4 T data (red symbols), which closely
overlap the B = 0 data. c, ρ versus log T for NW A in B = 0, 3 and 5 T. Occasional resistivity
jumps, or random telegraph noise, are observed. The dash-dotted curves depict the magnetoresis-
tance predicted by the spin-1
2
Kondo impurity model (see text). Note that the experimental data
are independent of B. Inset: Low-temperature ρ(T ) curves of NW A and a reference, oxygenated
NW 4 (d = 150 nm, ρ(300 K) = 336 µΩ cm). In a–c, the solid curve shows the B = 0 NRG result
for 1CK effect24. 22
Figure 4: Comparison of two-channel and one-channel Kondo resistivities. a, Normalized
Kondo resistivity 〈ρK〉/ρK0 versus T/TK for RuO2 NWs A–E manifests the 1CK scaling form
(solid curve) for over three decades of reduced temperature. b, 〈ρK〉/ρK0 versus
√
T/TK for IrO2
NW A and RuO2 NWs B–E. The data of IrO2 NW A obeys a
√
T law between 0.39 and 21 K.
For clarity, the experimental data points for RuO2 NWs are plotted with small open symbols. c,
〈ρK〉/ρK0 of IrO2 NW B1 obeys a
√
T/TK law between 0.66 and 22 K, distinctively deviating
from the 1CK function. d, Results for the resistivity of a diluted system of 2CK impurities in a
metallic host evaluated using a dynamical large-N limit (black symbols), which follows a
√
T/TK
law at low T (see text). The ordinate is plotted in unit of half-bandwidth W = 4 eV (ref. 51).23
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S1 Thermal annealing effect on the number density of oxygen vacancies nVO inMO2 rutiles
The number density of oxygen vacancies nVO in a given sample can be tuned by thermal annealing.
The annealing conditions for the MO2 NWs studied in this work are listed below:
• IrO2 NW A was annealed at 300◦C in vacuum for 1 h.
• IrO2 NW B1 was annealed at 450◦C in vacuum for 10 min.
• IrO2 NW B2 was oxygenated in air for ∼ 5 months after the first measurement.
• IrO2 NW 3 was oxygenated in air.
• RuO2 NW A was annealed at 450◦C in Ar for 5 min.
• RuO2 NWs B–E were as-grown.
• RuO2 NW 4 was oxygenated in air.
A control experiment of RuO2 films In addition to NWs, we have recently grown a series of
150-nm-thick RuO2 films and carried out a control experiment of the annealing effect under var-
ious atmospheric conditions to extract the nVO values
1. The nVO values in the samples have been
1
inferred from both x-ray photoelectron spectroscopy and 1/f noise studies. These two independent
methods give consistent results. Our 1/f noise measurements demonstrate the relation γ ∝ nVO .
Here γ is the Hooge parameter which characterizes the magnitude of the voltage noise power spec-
trum density SV (f) = γV 2/Ncf , where V is the bias voltage, f is the frequency, and Nc is the
total number of carriers in the sample. Figure S1 is reproduced from the Fig. 6(a) of ref. 1, which
shows the variation of γ with T for four RuO2 films that underwent different annealing conditions
(at 500◦C), as indicated. We see that annealing for 25 min in O2 greatly reduces the γ value (blue
symbols), whereas an additional 5 min annealing in Ar significantly increases the γ value (pink
symbols). Thus, annealing in O2 reduces the nVO value in the sample. In contrast, annealing in Ar
increases the nVO value in the sample.
Figure S1: Hooge parameter versus temperature for RuO2 films Description in the text.
S2 Extraction of the anomalous contribution to the resistivity
Our measurements of ρ(T ) indicate that above ∼ a few (tens) degrees Kelvin, depending on NWs,
the variation of ρ with T in both IrO2 and RuO2 NWs obeys the Boltzmann transport equation,
as previously established2. Thus, the residual resistivity ρB0 (listed in Table S1) and the Debye
temperature, θD, of each NW can be extracted by the standard method.
Figure S2(a) shows the ρ(T ) data for three IrO2 NWs. The solid curves are the Boltzmann
transport predictions, with the fitted values θD = 275, 260 and 260 K for NWs A, B1 and B2,
respectively. For clarity, the data for NWs B1 and B2 are offset by 30 and 20 µΩ cm, respectively.
The inset of Fig. S2(a), plotted with a log T scale, demonstrates that the anomalous (Kondo)
resistivity increases with decreasing T at low temperatures. The data are offset by 34.7 µΩ cm (NW
B1) and 33.6 µΩ cm (NW B2) for clarity. For RuO2 NWs, an additional term due to the coupling
of electrons with optical-mode phonons needs to be included to fully describe ρ(T ) curves2. The
fitted values are θD = 375 K and θE = 790 K for all NWs, where kBθE/~ is the optical-phonon
2
Figure S2: Resistivity versus temperature for IrO2 and RuO2 NWs Description in the text.
frequency. Figure S2(b) shows the ρ(T ) curves for NWs F (diameter d = 21 nm) and G (d = 90
nm), which were aged in air. The solid curves are the Boltzmann transport predictions. In these
two NWs, the low-T anomalies are barely seen. Note that in a number of RuO2 NWs we have
observed pronounced temporal resistance fluctuations, associated with an increase in the time-
averaged resistivity with decreasing T at low temperatures, as previously reported3. Thus, the
averaged resistivity 〈ρ(T )〉 = 14t
∫ t+4t
t
dt′ρ(T, t′) is our main focus, i.e., we have averaged the
measured resistivities to smooth out any time-dependent fluctuations before extracting the low-
T anomalies. The solid curves in the main panel of Fig. S2(c) show the Boltzmann transport
predictions for RuO2 NWs B and C. The symbols are the measured 〈ρ(T )〉. The inset shows ρ(T )
on a lin-log scale to demonstrate the logarithmic behavior of the Kondo effect for temperatures at
and above TK . (We also would like to remark that in IrO2 NWs and in a good number of other
metallic NWs, such as ITO NWs4 and heavily indium-doped ZnO NWs5, we have not found any
noticeable temporal resistance fluctuations at low T .)
We note that, due to the presence of high levels of point defects in the MO2 NWs studied
in this work, our measured resistance ratios are small, i.e., R(300 K)/R(10 K) < 2, in all sam-
ples, implying that the contribution of the electron-phonon scattering to the measured ρ(T ) below
several tens degrees Kelvin is minute. This specific material property turns out to be a great advan-
tage in the separation of the anomalous resistivity from ρB0. Quantitatively, the electron-phonon
scattering contributes less than a few percent to our measured anomalous resistivity in every NW.
S3 Electron-electron interaction and weak-localization effects
Here we expand on the arguments briefly presented in the main text indicating the negligible con-
tribution of EEI effect and weak localization (WL) corrections. In weakly disordered metals, the
EEI effect generically dominates over the WL effect in causing characteristic resistivity increases
at low T , which depends sensitively on the effective dimensionality of the metal6. For isotropic
3
3D systems like the MO2 rutiles, this EEI correction, 4ρ(T ) = ρ(T ) − ρ(T0), possesses a
√
T
dependence and is given by7
4ρ(T )
ρ(T0)
= −0.915e
2
4pi2~
(
4
3
− 3
2
F˜
)
ρ(T0)
√
kB
~D
(√
T −
√
T0
)
, (S1)
where T0 is a reference temperature, e is the electronic charge, 2pi~ is the Planck constant, F˜
is the screening factor which parameterizes the degree of screening of the EEI effect, and D is
the diffusion constant. Empirically, it has been established that, typically, F˜ . 0.1 in weakly
disordered metals and alloys8–10. It thus appears as if the EEI correction may offer an alternative
explanation for the observed
√
T transport anomaly found in IrO2 NWs. Indeed, the explanation
of a
√
T resistivity anomaly at low T in terms of a nonmagnetic 2CK effect driven by a dynamical
Jahn-Teller effect11 has recently been challenged in favor of an explanation based on the Altshuler-
Aronov correction12–14. (The samples studied in ref. 11 were the layered compound ZrAs1.58Se0.39.)
It is thus important to irrefutably connect the behavior observed in IrO2 NWs to the orbital 2CK
effect. We therefore stress that the observed resistivity rise at low T cannot be due to the EEI effect
and the even smaller WL correction. These two effects would only cause a resistivity correction
which would be approximately one order of magnitude smaller than the low-T anomalies observed
in our measurements on IrO2 and RuO2 NWs3. For example, for the IrO2 NW B1 with ρ(10 K) =
74 µΩ cm, D ' 6.3 cm2/s, and by taking F˜ = 0, Eq. (S1) predicts a largest possible resistance
increase of4ρ/ρ ' 2.8× 10−4 as T is cooled from 20 to 1 K. In reality, we have observed a much
larger resistance increase of 5.1× 10−3 (Fig. 2). The characteristic thermal diffusion length in the
EEI effect is calculated to be LT =
√
D~/kBT = 69/
√
T nm (where T is in K), justifying that
the NW is 3D with regard to the EEI effect. Furthermore, Eq. (S1) would predict similar values
for the magnitude of the low-T resistivity increase in NWs B1 and B2 to within ≈ 3%, due to their
ρB0 values differing by ≈ 1% (Table S1). This is definitely incompatible with our observation of a
≈ 50% difference in Fig. 2. In addition, we find a deviation from the √T behavior at ∼ 0.5 K due
to a finite symmetry-breaking pseudo-magnetic field. If the
√
T anomaly were caused by the EEI
effect, no such deviation should occur.
In the case of RuO2 NWs, apart from the much smaller resistance increase predicted by
Eq. (S1) compared to the experimental result, no
√
T dependence is detected. In fact, the low-
T resistivity anomalies well conform to the 1CK scaling form for three decades in T/TK (Fig.
4a). Thus, the 3D EEI effect can be safely ruled out as the root of the observed low-T resistivity
anomalies in MO2 NWs.
The anomalous resistivities we observe in Figs. 2 and 3 are intrinsic properties of IrO2 and
RuO2 rutiles, independent of sample geometry. However, in practice, the resistance of a bulk single
crystal (e.g., of a volume ∼ 0.1×0.1×0.5 mm3) will be too small for the relative resistance change
due to the orbital Kondo effect to be detected unless a large current is applied, which is deemed to
cause electron heating. On the other hand, the orbital Kondo resistance in a patterned IrO2 or RuO2
film (e.g., of a volume ∼ 0.1×1×10 µm3) shall be readily detectable by using a small current to
avoid electron overheating. Experiments on several types of MO2 films are in progress.
4
We note that an intriguing observation of a nonmagnetic 2CK effect was recently reported to
occur in (highly disordered) ferromagnetic films, where one would expect that the degeneracy that
underlies the 2CK behavior is absent since time-reversal symmetry is broken in a ferromagnet15.
Ruling out surface defect scattering scenario In this work, the low-T resistivity anomaly mea-
sured in a given NW is a bulk property of the NW. It originates from the coupling of conduction
electrons with those VO’s distributing across the radius of the NW. If the dynamic defect scat-
tering should dominantly take place near the surface of a NW, one would expect the quasi-two-
dimensional (quasi-2D), instead of 3D, EEI effect to play a role. The resistance increase due to the
quasi-2D EEI effect is given by5, 10
4R(T )
R(T0)
= − e
2
2pi2~
(
1− 4
3
F˜
)
R(T0) ln
(
T
T0
)
, (S2)
where R is the sheet resistance. Assume the thickness of an active surface defect layer, if any
exists, to be on the order of the electron mean free path ` ∼ 3 nm ( LT ). For a residual resistivity
ρB0 ∼ 100 µΩ cm, R = ρB0/` ∼ 300 Ω. Then, by taking F˜ = 0–0.1, Eq. (S2) predicts a
resistance increase 4R(T )/R(T0) ∼ 1% as T is cooled from 20 to 1 K. However, in practice,
this hypothetical surface layer must be shunted by the much larger current conduction through the
bulk of the NW which has a diameter d ∼ 100 nm. Thus, this estimate should be corrected by a
factor ∼ `/(d/2) ∼ 1/20, leading to a reduced relative sheet resistance change of 1%× (1/20) ∼
0.05%. This value is one order of magnitude smaller than what is observed in Fig. 2. Furthermore,
this quasi-2D effect predicts a lnT dependence, distinct from the measured
√
T characteristic. The
quasi-2D WL effect will also cause a (smaller) lnT dependence which should be suppressed by a
magnetic field of ∼ a few T (refs. 5, 10). These features are definitely not seen in Fig. 2. Thus, our
measured low-T anomalies cannot be ascribed to a surface defect scattering scenario.
Classical magnetoresistance For a (3D) normal metal placed in a magnetic field, the classical
magnetoresistance due to the Lorentz force is given by ∆R(B)/R(0) = (µB)2 = (B/neeρB0)2,
where µ is the mobility. In our NWs with charge carrier concentration ne ∼ 1 × 1028 m−3 and
ρB0 ∼ 100 µΩ cm, ∆R(B)/R(0) ∼ 4× 10−7 (3× 10−5) in B = 1 (9) T, which can be completely
ignored. For comparison, in IrO2 and RuO2 bulk single crystals2 with small ρB0 . 1 µΩ cm, the
classical magnetoresistance is pronounced.
S4 Atomic arrangement around an oxygen vacancy in MO2 rutiles
Here we provide detailed information for the lattice parameters around the oxygen vacancy VO1
depicted in Fig. 1. The distances between neighboring ions and the relevant angles surrounding
this representative vacancy are indicated in Figs. S3(a)–(c), with their respective values listed in
Table S2. (a) The three M1, M2 and M3 ions surrounding VO1 form a (planar) isosceles triangle.
(b) The four oxygen ions, labeled O4′, O1′, O5′ and O3′, surrounding the M3 ion form a (planar)
rectangle. (c) The four oxygen ions, labeled O4, O9, O10 and O8, surrounding the M2 ion form
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Figure S3: Vicinity of an oxygen vacancy (a) Transition metal ions M1, M2, and M3 in the
immediate vicinity of an oxygen vacancy VO1. (b) Oxygen positions around the M3 site forms a
rectangle. (c) The M2 site experiences an almost perfect C4 symmetry despite the vicinity to VO1.
Numerical values for the lattice parameters of IrO2 and RuO2 are provided in Table S2.
an almost perfect (planar) square. That is, r1 differs slightly from r2, and θ5 and θ6 differ slightly
from 90◦. These values are calculated from the density functional theory and given in refs. 16, 17.
S5 Vacancy driven two-channel/one-channel Kondo effect and dynamical large-N calcula-
tions
This section expands the discussion of the main part on the emergence of 2CK physics due to VO’s
in the rutile structure and its relation to the observed low-T transport anomalies and provides ad-
ditional details. Despite a considerable range of settings where 2CK physics has been conjectured
to occur, clear-cut evidences for 2CK behavior are scarce. To date, convincing arguments for the
realization of the 2CK effect have only been put forth in the context of engineered semiconductor
nanodevices18–22. These judiciously created devices utilize features that are unavailable in generic
bulk systems, i.e., the coupling of the dynamic scattering center to a finite system with negligible
level spacing but a charging energy larger than kBT . Moreover, the tendency of states in regular
lattice systems to form bands can impede the formation of predominantly localized states necessary
for Kondo scattering. While defects may facilitate the formation of localized states, the accompa-
nying reduction in symmetry generally hampers the buildup of 2CK correlations. As a result, no
universally accepted realization of 2CK impurity physics in bulk materials exists so far. There are,
however, proposals to explain the properties of certain rare earth and actinide compounds, like, e.g.
UBe13, in terms of dense lattices of 2CK scattering centers23, 24.
Vacancy driven orbital two-channel/one-channel Kondo effect Here we expand on the relation
between VO’s and the existence of low-T transport anomalies in IrO2 and RuO2 NWs. We start
by noticing that each VO will generate two defect electrons, which will tend to localize at two
6
of the three M ions closest to the vacancy. Model studies of VO in TiO2 are in line with such a
picture25–27. A small degree of delocalization of the defect electron is acceptable and similar to the
mixed valence that occurs in the Kondo regime of the Anderson impurity model.
We label theseM ion sites closest to the oxygen vacancy asM1,M2, andM3, see Fig. S3(a).
In order to minimize Coulomb repulsion, the most probable combinations are M1 & M3 or M2
& M3. In pristine rutiles, the M ion is surrounded by a slightly deformed octahedron. For the
sites M1, M2 and M3, the symmetry is further reduced due to proximity to VO as illustrated in
Fig. 1. In contrast to the defect electron localizing at the M3 site, the electron at the M2 site still
will experience an almost perfect C4 symmetry, see Figs. S3(b) and S3(c). The C4 group possesses
a two-dimensional irreducible representation. As a result, the excitation spectrum of an electron
at M2 site will possess an orbital degeneracy. We refer to the corresponding basis functions as
|Γ2dim1〉 and |Γ2dim2〉. |Γ2dimi〉 (i = 1, 2) can be taken as the components of a pseudospin variable.
For the 5d electrons of IrO2 (and 4d electrons of RuO2), the C4 at M2 ensures the degeneracy of
dxz and dyz, where the symmetry axis is parallel to the zˆ axis. In the rutile structure, the oxygen
ions above and below the square centered around M2, i.e., along the zˆ-axis, are minimally (less
than half of their ionic radius) set off from the C4 rotation axis. Here, however, one of the two
oxygen sites is replaced by the oxygen vacancy, cf. Fig. 1, ‘enhancing’ the symmetry around the
M2 site. An orthogonality theorem ensures that the conduction electrons wavefunction at the M2,
|Ψ〉, can be decomposed in terms of the basis functions of the irreducible representations as
|Ψ〉 =
∑
Γn′
∑
j′
f
(Γn′ )
j′ |Γn′j′〉 , (S3)
where |Γmi〉 denotes the ith basis function of the mth irreducible representation. Since 〈Γnj|Γmi〉 =
δm,nδi,j , the pseudospin associated with the two-dimensional representation is locally conserved.
This will ensure the absence of terms that otherwise would be relevant at the 2CK fixed point and
lead to a pseudospin-exchange interaction for each of the two spin-degenerate conduction bands.
In IrO2, the valence of Ir is +IV and the 5d shell of the Ir ion is half-filled. The spin-orbit cou-
pling in Ir is much larger than the crystal electric fields. Due to a lack of ab initio calculations for
the effect of VO’s in IrO2, we thus conjecture that the half-filled situation ensues for the dxz and dyz
orbitals which form the ground state doublet for the defect electron localized at M2. As discussed
below, this conjecture is borne out for the M2 site in RuO2. In terms of an Anderson impurity
model, this state corresponds to the singly occupied configuration. Through hybridization with the
conduction electrons, co-tunneling processes become possible through the state where both dxz
and dyz orbitals are fully occupied. Also the state where dxz and dyz are half-filled is available as
an excitation but is likely even higher in energy. Performing a Schrieffer-Wolff transformation we
finally arrive at
H =
∑
kσµ
kc
†
k,µσck,µσ + JK
∑
k,k′,σ
µ,ν=1,2
~τd · ~τc|µ,νc†k,µ,σck′,ν,σ , (S4)
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where ~τd and ~τc are vectors of Pauli matrices for d and conduction electrons in orbital space, and
JK is a pseudospin exchange coupling constant whose value is determined by the energy differ-
ence of the local configurations and the overlap with the conduction electron states. Note that the
conduction electron spin projection acts as a bystander and defines two degenerate channels.
If our model is correct, similar effects should be observable in other metallic MO2 rutile
structure type NWs with VO’s. Moreover, if the compound is magnetic, the spin-polarization is
expected to lift the degeneracy of the conduction electron spin channels and an orbital 1CK ef-
fect should ensue. (Even the magnetic Kondo effect is in general destroyed by antiferromagnetic
correlations28.) This leads us to the study of RuO2 NWs. RuO2 is an antiferromagnet with a high
Ne´el temperature29, 30. In RuO2 the electron configuration of the Ru ions is [Kr]4d4. Bandstructure
calculations show that the 4dx2−y2 orbital is located below the Fermi energy and completely filled
while the two t2g orbitals are half-filled30. These results are in line with our conjecture: For M2
sites in the vicinity of VO’s, the degenerate t2g orbitals dxz and dyz are half-filled and form the
ground state for the defect electron. In analogy to IrO2, oxygen defects should therefore trigger
an orbital Kondo effect. The results reported in the main part clearly demonstrate this orbital 1CK
effect.
Our model not only is consistent with the observed magnetic-field independence, it also
predicts that TK is sensitive to strain, whose effect will be similar to that of magnetic fields on
magnetic Kondo impurities. This also explains why the distribution of Kondo temperatures within
each NW is sharply peaked but varies from NW to NW for RuO2 NWs (see also Supplementary
S7). The approximate nature of the almost perfect C4 symmetry implies that a low-energy scale
exists below which the degeneracy of dxz and dyz is lifted. We identify this scale with the deviations
from the 2CK
√
T behavior observed in IrO2 NWs around T ∼ 0.5 K, see Fig. 2. This would be
less of an issue for RuO2 NWs due to the more localized nature of the 4d vs. the 5d orbitals, in
line with the experimental observation. Finally, we briefly comment on the situation where one of
the two defect electrons localizes at the M1 site while the other localizes at the M2 site. In this
case, both sites will give rise to dynamic Kondo scattering and one may be tempted to expect either
two-impurity orbital 2CK or two-impurity orbital 1CK physics, as both dynamic scattering centers
couple to the same conduction electron band. This two-impurity problem differs, however, from
the standard two-impurity Kondo problem as the conduction electron band does not carry the basis
function label as a good quantum number in contrast to the spin projection. In other words, the
expansion in terms of basis functions is local. As the quantization axis of the orbital pseudospin
rotates fromM1 toM2, this leads to a modified phase diagram as compared with the standard two-
impurity problem and explains why the resistivity only picks up the Kondo fixed point behavior
even if in some cases defect electrons will localize at sites equivalent to M1 & M2 (ref. 31).
Dynamical large-N calculations Here we outline how to link the observed transport properties
of IrO2 and RuO2 NWs to the microscopic model established above. It will be assumed that the
concentration of dynamic scattering centers, which scales with nVO , i.e., the concentration of VO’s,
is sufficiently low so that inter-vacancy effects can be ignored. The transport lifetime can then
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Figure S4: Dynamical large-N results Imaginary part of the T -matrix (in unit of half-bandwidth
W ) for the multi-channel Kondo model within the dynamical large-N limit: (a) ImT (ω = 0, T =
0) − ImT (ω = 0, T ) versus √T/W for κ = 1. This corresponds to the low-T behavior in IrO2
NWs. (b) ImT (ω = 0, T ) for κ = 1/2 which is equivalent to the one-channel case appropriate for
antiferromagnetic RuO2 NWs.
be equated with the lifetime of conduction electron states scattering off the quantum impurities
(assuming isotropic scattering). The conduction electron lifetime is related to T -matrix T (ω, T )
via τ(k)−1 = 2~c2CKIm〈k|T (ω, T )|k〉, where c2CK is the concentration of dynamic scattering centers,
which we identify with nVO , and |k〉 is a momentum state of the conduction electrons. We calculate
T (ω, T ) using a dynamical large-N limit which is known to give reliable results for multi-channel
Kondo problems32–34. In this approach, the symmetry group of the 2CK Hamiltonian is extended
to N spin and M orbital channels, resulting in an SU(N )×SU(M ) invariant Hamiltonian of the
form
H =
∑
k,µ,σ
εkc
†
k,µ,σck,µ,σ +
JK
N
∑
k,k′
σ,µ,ν
(
f †µfν − qδµν
)
c†k,µ,σck′ν,σ , (S5)
where µ, ν (1, . . . , N) and σ (1, . . . ,M) are, respectively, the SU(M)-channel and SU(N)-spin
indices and k, k′ are momentum indices. The fermionic operators f †µ form a totally antisymmetric
representation of the local symmetry (generalized from the two-dimensional irreducible represen-
tation of the physical case) and q is related to a constraint enforcing the proper number of genera-
tors. The large-N limit is taken in such a way that the ratio κ = N/M is kept fixed while N →∞
and M → ∞, so that the saddle point approximation becomes exact. In this limit, the imaginary
part of the retarded conduction electron T -matrix is
ImT (ω, T ) = −κ
pi
∫
d
(
nb(, T )− nf (+ ω, T )
)
Af (+ ω, T )AB(, T ) , (S6)
where nf (nB) is the fermionic (bosonic) distribution function, andAf (AB) is the spectral function
associated with the fermionic pseudoparticle representation (bosonic Hubbard-Stratonovic decou-
pling field)32, 34. The real part of T can be obtained through a Kramers-Kronig relation. For VO’s
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in IrO2 NWs, spin degeneracy in the conduction band drives a 2CK effect. This corresponds to
M = 2 and N = 2, so that κ = 1 in Eq. (S5) as the large-N limit is taken. If the conduction
electron spin degeneracy is lifted, as in RuO2 NWs, we have M = 2 and N = 1, so that κ = 1/2.
As a result, one finds for κ = 1
ρ(T ) = ρ(T = 0) + A
√
T for T  TK , (S7)
where ρ(T = 0) is the Kondo resistivity at zero temperature, and A < 0 as shown in Fig. 4d.
To bring out the power-law behavior more clearly, Fig. S4(a) displays the T -matrix ImT (ω =
0, T = 0)− ImT (ω = 0, T ) versus√T/W , where W is the conduction electron half-bandwidth.
The large-N analog of the 1CK case where κ = 1/2 is shown in Fig. S4(b) which resembles the
behavior found in RuO2 NWs. The single-channel case is only semi-quantitatively reproduced by
our dynamical large-N approach which does not capture the Fermi-liquid fixed point. For this
reason, the data for RuO2 NWs have been analyzed using the essentially exact NRG results of T.
A. Costi35.
S6 Extraction of the number density of oxygen vacancies nVO
The extraction of the nVO values in our NWs is described below. As discussed, each VO contributes
one defect electron to the M2 (or M1) ion, causing the orbital Kondo effect. Because IrO2 NWs
manifest the 2CK effect, the ρ ∝ √T characteristic at low T can be compared with the dynamical
large-N calculations (Supplementary S5), which predicts the 2CK resistivity to be
ρ2CK(T ) =
m
nee2
nVO
~
2Λa ImT (ω = 0, T ) , (S8)
where m ∼ 1.6m0 is the effective electron mass (m0 is the free electron mass)36, ne ∼ 1 × 1028
m−3 is the carrier density37, Λa ∼ 1× 10−29 m−3 is the atomic volume, and ImT (ω = 0, T ) is the
imaginary part of the T -matrix calculated from the dynamical large-N method. The nVO value of
every IrO2 NW has been extracted by fitting the measured slope of the ρ ∝
√
T curve in Fig. 2
to Eq. (S8). The extracted value is in good agreement with that inferred from the conformal-field-
theory calculations38.
As the low-T resistivities of RuO2 NWs conform to the 1CK scaling form, the ρK0 value in
every NW can be inferred. In this unitary limit, the Kondo resistivity is given by39
ρK0 =
m
nee2
5pinVO
12~g0
, (S9)
where m ∼ 1.4m0 (ref. 40), ne ∼ 1×1028 m−3 (ref. 41), and the density of states per spin direction
g0 ∼ 1 × 1047 J−1 m−3 (ref. 40). The nVO value in every RuO2 NW has been calculated from the
extracted ρK0 value, according to Eq. (S9).
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S7 Kondo temperature distribution
Our experimental findings are compatible with a single energy scale, termed Kondo temperature
TK , that characterizes the low-T transport in each NW. This implies that the distribution of Kondo
temperatures in each NW is sharply peaked around a single value TK . This is demonstrated in
Fig. S5 where the measured 〈ρK(T )〉 of RuO2 NW C is plotted against NRG results for the T -
matrix T (T ) of the 1CK Kondo model, with the least-squares fitted TK = 70 K (solid curve). In
addition, we plot T (T ) with four selected TK values (dashed curves) for comparison. Obviously,
the theoretical curves with TK = 35 K and TK = 105 K already deviate significantly from the
experimental data.
Figure S5: Kondo temperature extraction NRG calculations for the 1CK model are fitted to
〈ρK(T )〉 of RuO2 NW C with the Kondo temperature TK as the only adjustable parameter. Solid
and dashed curves are characterized by different TK values, as indicated.
The Kondo energy scale TK thus seems to be unaffected by the disorder generated through
variations accompanying the oxygen defects. Similar observations have been reported in a variety
of systems, including metal nanoconstrictions42, dilute magnetic noble metals43, and other Kondo
systems44, 45. This insensitivity of TK is not entirely unexpected. The exchange coupling constant
JK, Eq. (S4), reflects the wavefunction overlap between the local basis functions of the dynamic
scattering center and the conduction electrons. JK is therefore not affected by background vari-
ations due to nearby VO’s or the presence of the second defect electron on a nearby M ion site.
This form of disorder will instead lead to local variations of the background potential. Thus, the
situation resembles that considered by Chakravarty and Nayak, who have shown that for weak dis-
order the distribution of the local density of states is very narrow and centered at the clean limit46.
Furthermore, the thermodynamics is unaffected near the strong-coupling limit. One could perhaps
argue that for IrO2 NWs, the low-energy physics is governed by an intermediate coupling fixed
point, i.e., the 2CK fixed point instead. This intermediate coupling fixed point, however, shares
certain features with the 1CK fixed point. It, e.g., is characterized by an intrinsic energy scale TK .
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While TK is unaffected by the background variations caused by the weak disorder, it does change
from NW to NW. These variations arise from changes in JK as a result of the stress that exists in
each NW. As the bulk and shear modulus of RuO2 is less than those of IrO2 (refs. 16, 17), it appears
natural that the corresponding variation in a wavefunction overlap, i.e., JK, is bigger in RuO2 than
in IrO2. The observed bigger variations of TK for different RuO2 NWs compared to those for IrO2
NWs are fully consistent with this picture.
Tables
Sample d ρ(300 K) ρB0 `(10 K) ρK0 TK nVO nVO/nO (%)
IrO2 NW A 130 147 109 2.5 (0.65) (20) ∼ 1.9× 1025 ∼ 0.031
IrO2 NW B1 190 104 73.9 3.7 (0.72) (20) ∼ 2.2× 1025 ∼ 0.036
IrO2 NW B2 190 106 75.0 3.6 (0.45) (20) ∼ 1.4× 1025 ∼ 0.023
RuO2 NW A 53 193 122 2.2 0.94 3.0 ∼ 1.5× 1025 ∼ 0.025
RuO2 NW B 67 163 120 2.3 14 12 ∼ 2.3× 1026 ∼ 0.38
RuO2 NW C 54 589 434 0.63 17 69 ∼ 2.7× 1026 ∼ 0.44
RuO2 NW D 120 245 160 1.7 7.0 80 ∼ 1.1× 1026 ∼ 0.18
RuO2 NW E 47 761 587 0.47 30 7.0 ∼ 4.8× 1026 ∼ 0.79
Table S1: Relevant parameters forMO2 NWs. Diameter d is in nm, room-temperature resistivity
ρ(300 K), residual resistivity ρB0, and Kondo resistivity in the unitary limit ρK0 are in µΩ cm, the
electron mean free path `(10 K) is in nm, the Kondo temperature TK is in K, and the number density
of oxygen vacancies nVO is in m
−3. nO denotes the oxygen atom number density in the rutile
structure. In all 4-probe configuration for transport measurements, the length between the two
voltage probes is ∼ 1 µm. The `(10 K) values are calculated through the free-electron model. For
each IrO2 NW, we have empirically taken the ρK0 value to be the maximum value of the measured
Kondo resistivity at ∼ 0.5 K and TK ' 20 K. These values are listed in parentheses. IrO2 NW B
has been measured twice and labeled B1 (first measurement) and B2 (second measurement).
MO2 r1 r2 r3 r4 r5 r6 r7 θ1 θ2 θ3 θ4 θ5 θ6
IrO2 2.015 1.982 3.190 3.588 2.464 3.190 2.826 127.7 104.6 75.37 104.6 90.95 89.05
RuO2 2.006 1.964 3.140 3.576 2.497 3.140 2.807 128.5 103.0 76.99 103.0 91.20 88.80
Table S2: Lattice parameters around the oxygen vacancy VO1. The interionic distances ri
(i = 1, ..., 7) are in A˚, and the angles θi (i = 1, ..., 6) are in degree.
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